T he Ponseti method of serial manipulation and casting is currently the gold standard for the treatment of clubfoot in infancy, and excellent results have been documented on longterm follow-up. 1Y6 Correction of the deformity during serial manipulation has so far been assessed on clinical grounds, 1,7Y11 and there is a need for some objective method of documentation. Realignment of the navicular over the talus, along with derotation of the whole calcaneo-forefoot complex is one of the mainstays of treatment. 2, 3 In some subjects, the ligaments are very tight; hence, the forces applied during reduction may not be transmitted at the same point in all feet. 3 There has been a controversy in literature whether the navicular actually reduces over the talus or whether Bspurious correction[ occurs. 3, 12, 13 To the best of our knowledge, there is no method to document serial correction, nor is there any report on whether a prediction can be made if spurious correction is likely. The long-term results of feet that show spurious correction are not known. 2 Radiographic evaluation of the infant foot is difficult 8, 14, 15 because the small and eccentrically located ossific nuclei limit the amount of information that radiographs provide. 16, 17 The use of magnetic resonance imaging has been described, but it is too expensive and not good for serial evaluation. 18Y20 We report our experience using sonography as a tool to evaluate correction during the Ponseti maneuver. We chose this method because it is inexpensive, can be used serially for follow-up, is noninvasive, and does not require anesthesia. 12, 13 The goal of the study was to use serial ultrasound to assess and monitor correction of the forefoot during the Ponseti method of manipulation and to detect the incidence of spurious correction, if any.
METHODS
Consecutive subjects with clubfeet presenting to the out patient department of a tertiary care children's hospital over a 6-month period were included in this study. Only infants younger than 3 months at presentation were included. Nonidiopathic clubfeet (ie, clubfeet secondary to arthrogryposis, neuromuscular disorders, syndromes, etc) were excluded. A total of 26 patients with 32 affected feet were included (6 bilateral). Age of the patients was between 12 days and 3 months. The normal foot in unilateral cases served as the control. Approval was taken from the institutional review board, and informed consent was taken from parents/ caregivers of patients.
which are a modification of the Dimeglio classification system. 8 Serial clinical evaluation was performed before each weekly manipulation using the Pirani scoring system. 10 The Pirani score is subdivided into 2 parts, namely, a midfoot score and a hind foot score. According to the scoring method, the foot was considered fully abducted when the midfoot score was zero. The method of manipulation was as described by Ponseti. 2 The first plaster was given by supinating the forefoot to correct the cavus. Then, serial manipulations were performed every week by abducting the forefoot with counter pressure over the head of the talus. When the foot was fully abducted, it was dorsiflexed. A tendo Achilles tenotomy was done if the tendo Achilles was found to be tight at the end of correction of the midfoot.
Ultrasound Evaluation
All sonographic measurements were performed with Philips HDI 5000 (Philips Medical Systems, Bothell, Wash) (XRES adaptive image-processing) machine using a 7.5-to 10-MHz linear transducer. All feet underwent 3 serial ultrasound evaluations: (1) at the start of manipulation with the forefoot at rest (static measurement) and using the simulated Ponseti maneuver (forefoot abduction with counter pressure over the head of the talus); (2) when midfoot score was zero by Pirani scoring, again, the Ponseti maneuver was performed to find out if further correction was possible; and (3) at the end of treatment with the foot at rest and with dynamic manipulation.
Ultrasound was performed in 3 anatomical planes as described by Aurell et al 13, 21, 22 Vcoronal medial, coronal lateral, and sagittal dorsal. Of these, the coronal medial is the most important because it provides information about the navicular realignment over the talus. For the coronal medial projection, the transducer was placed on the dorsomedial border of the foot between the medial malleolus and the first metatarsal in the transverse plane.
Two probes of size 26 and 45 mm were usedVthe smaller probe was used in small feet. 22 The reference points considered were the cartilaginous tip of the medial malleolus, the navicular, the anterior surface of the talus, the cuneiform and the base of the first metatarsal 12,13,23Y27 ( Fig. 1) . As age increased, the sonographic delineation was found to be easier. 12 It was possible to identify the medial contour of the talus, its ossific nucleus and the first metatarsal very easily. Identifying the navicular was difficult in some cases initially, although we were able to do it consistently as our experience increased. The simulated Ponseti maneuver was now performed using pressure below the first metatarsal head and counter pressure over the head of the talus. The whole forefoot was gradually abducted under the talus. Care was taken to ensure that the transducer was not moved from its original position when the Ponseti maneuver was being done, to avoid fallacies in measurement. The maneuver was repeated twice, and a mean was taken.
The following measurements were made: 1. Distance between the tip of the medial malleolus and the medial end of the navicular in millimeters, with and without Ponseti maneuver. Medial malleolus to navicular distance without manipulation was denoted as MMN, and MMN with manipulation was denoted as MMNp. 2. Talo-cuneiform angle in degrees: a line was drawn along the medial border of the talar ossific nucleus. A second line was drawn along the medial border of the cuneiform at the anterior end of the talar nucleus where its delineated contour deviated from the previous line. 12, 23 The angle was measured, and this gave us an idea of how the medial border of the foot would look irrespective of the position of the navicular (the foot may seem normal if this angle is zero or negative, although the navicular is not fully reduced over the talus, which indicates spurious correction). The talo-cuneiform angle without manipulation was denoted as TC, and TC with manipulation as TCp. A negative value of talo-cuneiform angle indicated normal lateral displacement of the forefoot over the talus, whereas a positive value indicated residual medial forefoot adduction.
All ultrasound measurements were performed by a pediatric sonologist skilled in infant musculoskeletal sonography, and a pediatric orthopaedic fellow scored the feet and performed all the manipulations. The sonologist was not aware of the clinical severity score of the foot during the procedure. The whole study was performed by the same sonologist and orthopaedic surgeon. The software provided with the ultrasound machine gave an accuracy of values of up to 0.1 mm for MMN and up to 1 degree for angular measurements. The intraobserver reliability was assessed for the different variables, and the kappa value was calculated.
Statistical analysis was carried out with the help of SPSS/PC + (V6) (SPSS-PC, Chicago, Ill) statistical package. Descriptive statistics were given as mean T SD or number of values (percentage); 95% confidence interval (CI) for normal MMN, MMNp, TC, and TCp were calculated as mean T 2SD. Student paired t tests were applied to test variables to compare pretreatment and posttreatment values of MMN and MMNp. Student unpaired t tests were applied to test variables to compare between normal and affected feet values of MMN, MMNp, TC, and TCp. All the statistical tests were 2 tailed. Level of significance was taken as P = 0.05. S means that there was significant difference, whereas NS means that there was no significant difference.
RESULTS
There were a total of 26 subjects (15 boys and 10 girls) with 32 clubfeet, of which, 6 were bilateral. The age of the subjects was between 12 days and 3 months at the start of treatment. According to the ICFSG scoring system, the average pretreatment severity score was 14/20, indicating severe degree of deformity. Using the Pirani score at the start of treatment, 6 feet had a score between 3 and 4, and 26 feet had a score between 4 and 6 (mean score, 4.5). Twenty-four (75%) of the 32 feet required a tendo Achilles tenotomy that was done when the foot was fully abducted, and the midfoot Pirani score was zero. Reduction of the navicular over the talus was confirmed by sonography before tenotomy was done. The Pirani total score was zero in all affected feet at the end of treatment. The intraobserver correlation coefficient (J value) was 0.94 for MMN and 0.86 for MMNp. The intraobserver correlation coefficient (J value) was 0.85 for TC and 0.83 for TCp, which indicates good correlation. Because end of treatment values were same as when the foot was fully abducted, only 1 set of data are presented.
For the purpose of analysis, the study population was arbitrarily divided into 2 groups: groups 1 (age, younger than 6 weeks) and 2 (age, older than 6 weeks at the start of treatment).
Control Study (20 Normal Feet) Group 1 Subjects (7 Feet)
The mean medial malleolus to navicular measurement was 6.29 mm (95% CI, 4.65Y7.93 mm; SD, 0.82) without manipulation and 9.03 mm (95% CI, 7.21Y10.85 mm; SD, 0.91) with manipulation. The mean TC was j4.3 degrees (95% CI, j7.1 to j1.5 degrees; SD, 1.4) without manipulation and j8.9 degrees (95% CI, j11.3 to j6.5 degrees; SD, 1.2) with manipulation ( Fig. 2) .
Group 2 Subjects (13 Feet)
The mean medial malleolus to navicular distance was 9.88 mm (95% CI, 7.08Y12.68 mm; SD, 1.4) without manipulation and 12.91 mm (95% CI, 10.09Y15.73 mm; SD, 1.42) with manipulation. The mean TC was j3.7 degrees (95% CI, j5.7 to j1.7 degrees; SD, 1.0) without manipulation and j7.8 degrees (95% CI, j14.0 to j6.2 degrees; SD, 0.8) with manipulation (Fig. 2) .
Affected Feet (32 Clubfeet) Group 1 Subjects (13 Feet)
The pretreatment mean MMN was 4.5 mm (95% CI, 2.9Y6.1 mm; SD, 0.8), and mean MMNp was 5.9 mm (95% CI, 3.9Y7.9 mm; SD, 1.0). The mean TC was 26.5 degrees (95% CI, 16.6Y36.5 degrees; SD, 5.0) without manipulation and 15.8 degrees (95% CI, 6.0Y25.6 degrees; SD, 4.9) with manipulation. At the end of treatment, the mean MMN increased significantly to 6.9 mm (95% CI, 4.3Y9.5 mm; SD, 1.3) without manipulation and 8.9 mm (95% CI, 5.8-11.8 mm; SD, 1.5) with manipulation. The mean talo-cuneiform angle was j4.5 degrees (95% CI, j6.7 to j2.7 degrees; SD, 0.9) without manipulation and j8.1 degrees (95% CI, j10.2 to j6.2 degrees; SD, 0.9) with manipulation at the end of treatment. All these increases were found to be statistically significant (P G 0.001), and the posttreatment values were similar to the values seen in the normal feet (Fig. 3) .
Group 2 Subjects (19 Feet)
Two subgroups were identified at the end of treatment in infants older than 6 weeks. Although all 19 feet were clinically corrected (Pirani score, 0/6) at the end of treatment, dynamic ultrasound showed that the navicular was still unreduced over the talus in 5 feet. This indicated a spurious correction and was designated as subgroup 2b. The 2 subgroups were considered separately for purpose of analysis.
In group 2a (anatomical correction, 14 feet; Figs. 4A, B), the pretreatment mean MMN was 6.4 mm (95% CI, 4.8Y8.0 mm; SD, 0.8) without manipulation and 8 mm (95% CI, 6.2Y9.8 mm; SD, 0.9) with manipulation. The TC was 21.7 degrees (95% CI, 9.9Y33.5 degrees; SD, 5.9) without manipulation and 11.7 degrees (95% CI, 2.7Y20.7 degrees; SD, 4.5) with manipulation. At the end of treatment, the mean MMN increased to 9.1 mm (95% CI, 6.5Y11.7 mm; SD, 1.3) without manipulation and 11.5 mm (95% CI, 9.1 to 13.9 mm, SD 1.2) with manipulation. The TC improved to a mean of j4.0 degrees (95% CI, j5 to j3 degrees; SD, 0.5) without manipulation and j7.8 degrees (95% CI, j9.2 to j6.4 degrees; SD, 0.7). All these increases were found to be statistically significant (P G 0.001) compared with pretreatment values (Fig. 5) .
In group 2b (spurious correction, 5 feet; Figs. 6AYD), at the start of treatment, the mean MMN was 5.0 mm (95% CI, 3.8Y6.2 mm; SD, 0.6) without manipulation and 5.7 mm (95% CI, 4.5Y6.9 mm; SD, 0.6) with manipulation. The mean increase in MMN on manipulation was found to be only 0.7 mm. When the foot was fully abducted at the end of treatment, the MMN had increased to a mean of 5.9 mm (95% CI, 4.9Y6.9 mm; SD, 0.5) without manipulation and 6.7 mm (95% CI, 5.7Y7.7 mm; SD, 0.5). The mean increase at end of treatment was therefore only 1.0 T 0.19 mm. The mean TC at the start of treatment was 30.2 degrees (95% CI, 19.6Y40.8 degrees; SD, 5.3) without manipulation and 18.8 degrees (95% CI, 11.2Y26.4 degrees; SD, 3.8) with manipulation. This had increased to j8.6 degrees (95% CI, j9.6 to j7.6 degrees; SD, 0.5) without manipulation and j12 degrees (95% CI, j13.4 to j10.6 degrees; SD, 0.5) with manipulation, at the end of treatment (Fig. 7) .
The mean pretreatment MMN of this subgroup 2b (5.0 T 0.6 mm) was compared with mean pretreatment MMN of anatomically corrected feet (ie, subgroup 2a [6.4 T 0.8]). There was significant difference between the two (t = 3.4; P G 0.001), indicating that the feet in group 2b were stiffer and more severely deformed at the start of treatment. However, the sample size is too small to draw valid and accurate conclusions. Furthermore, in the feet with spurious correction (group 2b), the mean increase in MMN at the end of treatment was found to be 1.00 T 0.19 mm. As compared with this, in the feet which showed anatomical correction (group 2a), the MMN had increased by 2.84 T 1.13 mm. This difference was found to be statistically significant (t = 5.83; P G 0.001). Now, the increase in TC at the end of treatment was considered. In the group with spurious correction (group 2b), the increase in TC was 39.1 T 3.4 degrees, whereas in the feet that had corrected well (Group IIa), the increase was 25.6 T 3.34 degrees. This difference was statistically significant (P G 0.001). This indicated that the break had occurred in the naviculo-cuneiform joint, leaving the navicular unreduced over the talus (Table 1) .
DISCUSSION
The assessment of clubfoot deformity is of crucial importance in planning treatment, in evaluating long-term results, and in comparing the effectiveness of different therapeutic approaches.
7Y11 Evaluation of idiopathic clubfoot is mainly based on clinical judgment 8Y11 which is supplemented by radiological assessment. 28 Although the former is subjective and unreliable, the latter is limited by incomplete ossification of the tarsal bones in young subjects. 16, 17 Ultrasound has numerous advantages in the initial evaluation of neonatal clubfoot. It is readily available, relatively inexpensive, and noninvasive and can provide objective documentation of the severity of deformity.
12,23Y27 The tarsal bones are easily visualized on ultrasound, and the plane of the transducer can be adjusted to see the position of the navicular in relation to the medial malleolus and the talus. Several authors 12,23Y27 have elaborately described the ultrasound pathoanatomy in clubfoot: the talus is smaller, the talar dome is less convex, the anterior end of talus is deviated medially and plantarward, and the medial surface is also deformed and diminished in size. The navicular is displaced medially and may even touch the medial malleolus. Accordingly, on sonography, the typical feature is medial displacement of the navicular on the talar head. 26 Delineated from the medial side, the anterior part of the talus is located in the depth of the foot, and in severe cases, it may be difficult to outline the talar anterior articular surface. 12 An attempt has been made by the ICFSG to include ultrasound evaluation in the initial assessment of clubfoot deformity and to increase its widespread use similar to its application in the diagnosis of neonatal hip instability.
Another advantage of ultrasound is that it can be used for dynamic evaluation of the clubfoot during serial manipulation. 29 The effects of treatment can therefore be observed sonographically. Accurate realignment of the talonavicular and calcaneocuboid joints can be demonstrated during Ponseti correction. This can be observed dynamically during manipulation and also by regular static measurements using MMN and TC measurements. 12 This provides a reliable and objective method of documenting gradual response to manipulation and serial casting.
An important goal of serial manipulation and casting is the accurate realignment of the talonavicular joint. However, while manipulating very rigid feet, the forces applied to the forefoot may not be transmitted to the navicular, and the risk of developing a midfoot break is always present.
3,12,13 Ponseti 3 has mentioned that, even with a partially reduced navicular, the fore part of the foot can be brought into proper alignment with the hind part because the ligaments in front of the navicular yield and allow lateral displacement and lateral angulation of the cuneiforms with respect to the navicular. The development of a midfoot break has been described earlier in a sonographic study by Hamel and Becker 12 who mentions that, instead of realignment of the talonavicular joint, the medial cuneiform shifts in a lateral direction to the navicular. The latter remains prominent at the medial border of the foot and seems fixed to the talar head especially during dynamic examination. In the long-term evaluation of the results of his technique, Ponseti 2 acknowledges that Bin severe clubfeet, complete reduction of the extreme medial displacement and inversion of the navicular may not be possible with manipulationI and this Fspurious_ correction may provide good functional and cosmetic results.[ Ponseti 2 also admits that Brelapses are common in severe cases of clubfoot for which a partial correction of the displaced navicular has been obtained. [ There is no report in literature, however, which has prospectively studied the incidence or long-term effects of spurious correction. Why does spurious correction occur? Is it related to the pretreatment severity of the clubfoot? Can we predict before or during treatment which feet are likely to develop spurious correction? In our study, in 5 (15.6%) of 32 feet, a break had occurred at the naviculo-cuneiform joint, despite a meticulous method of correction. This was especially important in severely deformed rigid clubfeet as diagnosed both clinically and sonographically. In these feet, we observed that a break had occurred between the navicular and the cuneiform, and these were the feet, which were initially very rigid and severely deformed and showed very little correction during manipulation. All subjects with spurious correction were older than 6 weeks at the start of treatment; all feet had a preoperative Pirani score of greater than 4, and by ICFSG score, they were in the severe group. Thus, from the preliminary data in our pilot study, it does appear that the feet that developed spurious correction were stiffer, more rigid, and more severely deformed than the feet that corrected anatomically. However, the number of feet in our study was too small to make statistically valid conclusions, and a larger study will be required. A horizontal breach can be suspected by sonographic evaluation and diagnosed early if occurring, despite proper care. 12, 13 Weekly ultrasound examination before each manipulation can detect early spurious correction, but this may be too expensive and labor intensive to justify its use.
In conclusion, ultrasound is a relatively simple, noninvasive, and widely available procedure that can improve pathomorphological documentation of clubfoot. It can be used to complement current radiographic techniques because it can demonstrate the anatomical relationships of unossified tarsal bones and the talonavicular and calcaneocuboid joints. Sonography allows for objective monitoring of the progressive correction of clubfoot treated conservatively, as shown in this study. Sonographic examination may detect forms of unwanted spurious correction, horizontal breach, and rocker bottom deformity and, thus, may indicate the need for surgical intervention. 12, 13 Thus, sonographic evaluation is a promising technique for assessing and monitoring of clubfeet during treatment and should be a part of the neonatal assessment of clubfoot.
